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Quantum information transfer in degenerate
Raman regime
T. Prudeˆncio
Abstract—The interaction of a three level Rydberg atom of Λ-type with a single mode optical field in far off-resonant and at large
detuning regimes can be described by an effective degenerate Raman model, where the atomic state can be treated as a
two-level system of degenerate states. By means of this approximation, we propose a quantum information transfer of an
one-qubit state from a Rydberg atom of Λ-type with degenerate levels to a single-mode field initially in a coherent state.
Index Terms—quantum information, Raman regime.
✦
1 INTRODUCTION
Three-level atoms can appear in different con-
figurations as Λ, Ξ and V, what permits the
realization of population inversion with many
applications in laser physics [1], [2] and also
lasing without inversion. By interacting with
an one or two-mode optical field [3], [4], three-
level atoms can in some special regimes be
effectivelly described as two-level systems with
adiabatic elimination of the highest level in the
cases of Λ [5] and Ξ [6] configuration or the
adiabatic elimination of the lowest level in the
case of V configuration [7].
For a Λ configuration, a special case occurs
when the two lower levels are degenerate. In
the interaction with a single-mode optical field
at far off-resonant and large detuning regimes
the atomic states are reduced to a two-level
system of degenerate states, characterizing a
degenerate Raman regime. This effective inter-
action leads in fact to an adequate description
of the Raman interaction in far off-resonant and
large detuning regimes if compared to the full
microscopic Hamiltonian of the Raman process
[8], in the case short evolving times and de-
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scription of physical quantities only involving
the square of amplitude probabilities [9].
From quantum optics, the degenerate Ra-
man regime is well known, with important
proposes of generation of non-classical states
derived from it. For instance, the generation
of Fock states [10], [11], superpositions of co-
herent states [12] and superpositions of phase
states [13]. In quantum information, protocols
of quantum teleportation were proposed for
unknown atomic states [14], unknown entan-
gled coherent states [15] and superpositions of
coherent states [16].
In this paper, we propose a quantum infor-
mation transfer of an one-qubit state from an
atom to a single mode field initially in a coher-
ent state. We consider an atom-field interaction
in the degenerate Raman regime, such that the
lower degenerated states of the atom are in-
volved. Before the interaction, a measurement
is realized in one of the atomic degenerate
states and a Hadamard gate operation [17] is
realized into the single-mode field, realizing
finally a quantum information transfer. This
type of protocol was developed in other con-
texts [18], [19], [20], [21], [22], [23], [24], [25]
and it was experimentally realized [26], [27].
In our case, the experimental realization can
be achieved with three-level Rydberg atoms
with principal numbers 49, 50 and 51, adjust-
ing the radiative times, atomic velocities and
2detuning to the single-mode coupling in the
situation of degenerate Raman interaction [28],
[29], [30], [31], [32], [33]. On the other hand,
Hadamard and NOT operations, one-qubit gate
operations, can be implemented using linear-
optical apparatus [34].
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Fig. 1. (Color online) Scheme of degenerate
Raman interaction.
We denote the three levels of the three-level
Rydberg atom of Λ-type by |g〉, |e〉 and |f〉.
Due to the degeneracy, |g〉 and |e〉 have same
frequency ω0. The frequency ωf is associated
to |f〉. The single-mode field is initially in a co-
herent state |α〉 with frequency ω (See figure 1).
Under atom-field degenerate Raman coupling
the following relation is satisfied
ωf − ω0 = ∆+ ω, (1)
where ∆ is the detuning between the atomic
transition ( ωf − ω0) and the single-mode fre-
quency ω. In the case of large detuning, the
upper state |f〉 can be adiabatically eliminated
[4].
In the case of large detuning, short evolving
times and physical quantities that only involve
the square of the amplitude probabilities, the
following effective Hamiltonian can be consid-
ered (~ = 1) [8]
Hˆef = nˆβ(|e〉〈g|+ h. c.), (2)
where β = −λ2/∆ is the effective atom-field
coupling, λ is the transition coupling from the
lower states ( |e〉 and |g〉) to the upper state
(|f〉), nˆ = aˆ†aˆ is the number operator, aˆ and aˆ†
the creation and annihilation operators acting
on the single-mode field.
In order to include effects of Stark shifts the
term
HˆS = nˆβ(|g〉〈g|+ |e〉〈e|), (3)
is added to the effective hamiltonian (2), where
we consider, for simplicity, the Stark parame-
ters equal to the effective atom-field coupling β,
such that we can write the effective degenerate
Raman hamiltonian as [9]
Hˆ = HˆS + Hˆef . (4)
For the single-mode field initially in the coher-
ent state |α〉, the hamiltonian (4) has validity
when the following inequalities [9] are satisfied
∆2 ≫ 2|2λα|2, (5)
and
t≪ 3∆
3
4|λα|4 . (6)
The time evolution during a time t of an
initial state of an atom in a superposed state of
the form cg|g〉+ce|e〉, |cg|2+ |ce|2 = 1, and a field
in a coherent state |α〉 under the interaction (4)
is given by
|ψ(t)〉 = (c+e−2inˆβt − c−)|g, α〉
+ (c+e
−2inˆβt + c−)|e, α〉, (7)
where
c± =
1
2
(ce ± cg) . (8)
We can also write the state (7) as
|ψ(t)〉 = (c+|e−2iβtα〉 − c−|α〉
) |g〉
+
(
c+|e−2iβtα〉+ c−|α〉
) |e〉. (9)
In the case cg = 1, ce = 0, corresponding to
evolution of the ground state |g〉, we have
|ψ(t)〉 = 1
2
(|e−2iβtα〉+ |α〉) |g〉
+
1
2
(|e−2iβtα〉 − |α〉) |e〉, (10)
and in the case cg = 0, ce = 1, corresponding to
evolution of the excited state |e〉, we have
|ψ(t)〉 = 1
2
(|e−2iβtα〉 − |α〉) |g〉
+
1
2
(|e−2iβtα〉+ |α〉) |e〉. (11)
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The single-mode field is initially in a coher-
ent state |α〉. At degenerate Raman interaction
regime, the upper level |f〉 of the three level
Rydberg atom of Λ-type can be neglected, re-
ducing to a two-level system described by the
following state
|φ〉 = cg|g〉+ ce|e〉, (12)
where
|cg|2 + |ce|2 = 1. (13)
In this way, the interaction between the single
mode field |α〉 and the atomic state |φ〉 is given
by the effective Raman interaction (4).
We want to realize the transfer of the un-
known coefficients cg and ce from the atom to
the single mode field in such a way that in the
final step, we will have quantum state transfer
from atom to the single mode field. As the atom
in the form (12) corresponds to one qubit state,
it will correspond to quantum state transfer of
one qubit state.
The atom-field interaction occur during a
time t, leading the system to achieve the fol-
lowing state
|ψαα′〉 = (c+|α′〉 − c−|α〉) |g〉
+ (c+|α′〉+ c−|α〉) |e〉, (14)
where c± is given by (8) and α
′ is related to α
by means of
α′ = e−2iβtα. (15)
Measuring the atom in the excited state |e〉, the
field is projected into the state
|φ+〉 = c+|α′〉+ c−|α〉, (16)
and the measurement of the atom in the ground
state |g〉, the field is projected into the state
|φ−〉 = c+|α′〉 − c−|α〉. (17)
We choose the time of interaction t = pi/2β such
that from (15) we have
|φ±〉 = c+| − α〉 ± c−|α〉. (18)
Now, taking into account the projection rela-
tions of coherent states [35]
〈α|α〉 = 1, (19)
〈α| − α〉 = e−2|α|2 , (20)
By chosing |α| suficiently large, but still satis-
fying degenerate Raman regime given by the
inequalities (6) and (5) , we have
〈α| − α〉 ≈ 0. (21)
In this case, |α〉 and | − α〉 are orthonormal
states and the single mode field is described as
a two-level system generated by the coherent
states |α〉 and | −α〉 and capable of storing the
qubit state expressed by the atomic state (12).
We note that the coeficients in (18) do not
correspond to cg and ce, but are related to these
by means of relations in (8) or the following
c+ + c− = ce, (22)
c+ − c− = cg. (23)
We then realize a Hadamard operation on the
field state by means of the action the following
operators Aˆα defined by
Aˆα = | − α〉〈−α| − |α〉〈α|+ |α〉〈−α|
+ | − α〉〈α|, (24)
corresponding to a Hadamard operator [17]
1√
2
(|0〉〈0| − |1〉〈1|+ |1〉〈0|+ |0〉〈1|) , (25)
where we disconsider the factors of 1/
√
2 and
make the correspondence |0〉 → |−α〉 and |1〉 →
|α〉.
The operator Aˆα acts on |α〉 and | −α〉 in the
following way (see figure 2)
Aˆα|α〉 = −|α〉+ | − α〉, (26)
Aˆα| − α〉 = |α〉+ | − α〉, (27)
The action of the operator Aˆα on the field
|φ+〉 leads single mode field to the following
state
Aˆα|φ+〉 = ce| − α〉+ cg|α〉, (28)
corresponding to a quantum information trans-
fer when the atom is detected in the excited
4|α〉
|α〉 + | − α〉
−|α〉 + | − α〉
| − α〉
Fig. 2. (Color online) Scheme of |α〉 and | −
α〉 states (blue arrows) and the transformations
under Hadamard operation (red arrows).
c+| − α〉 − c−|α〉
c+| − α〉 + c−|α〉
ce| − α〉 + cg|α〉
cg| − α〉 + ce|α〉
Fig. 3. (Color online) Scheme of |φ+〉 and |φ−〉
states (blue arrows) and the transformations
under Hadamard operation (red arrows).
state |e〉. On the other hand, the action of Aˆα
on the field |φ−〉 leads to the state
Aˆα|φ−〉 = cg| − α〉+ ce|α〉, (29)
corresponding to a quantum information trans-
fer when the atom is detected in the ground
state |g〉 (see figure 3).
3 CONCLUSION
In conclusion, we have proposed a protocol of
quantum information transfer where the atom-
field interacts in degenerate Raman regime, an
atomic measurement in any one of the de- gen-
erate states is realized and then a Hadamard
gate operation is applied into the field, storing
in the single-mode field the qubit information
present initially in the atom.
Independent of the final state in which the
atom is detected ( ground |g〉 or excited state
|e〉), the action of the Hadamard operator Aˆα on
the field after the interaction leads to a quan-
tum information transfer of the coefficients cg
and ce from the atom to the single-mode field.
The order of the coefficients in (28) and (29)
does not matter in our protocol and their inter-
change could be realized by means of a NOT
operation.
Storage of quantum information and its car-
riage are fundamental problems to the realiza-
tion of quantum computers, motivating impor-
tant achievements. In this propose, a simple
quantum information transfer was proposed.
This situation can be applied in quantum cir-
cuits where a qubit comes from an atom qubit
state and is stored in a single-mode field qubit
state.
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